ABSTRACT Genetic selection for high growth rate has resulted in tremendous changes not only in feed efficiency, but also in water consumption between modern broilers and their ancestor jungle fowl (JF). However molecular mechanisms involved in water homeostasis are still not well defined. This study aimed, therefore, to determine the effect of short-term water restriction on the expression of water channel-and noncoding RNA biogenesis-related genes in the kidney and whole blood of JF, broiler population from the 1990s (RB1995), and modern broiler population developed in 2015 (ARB2015). Body weight-matched birds from each population were subjected to water restriction (WR) for 3 h or had ad libitum access to water in a 3 × 2 factorial design. The expression of target genes was determined by real-time quantitative PCR. WR significantly reduced body weight in RB1995, but not in JF or ARB2015. In the kidney, WR up-regulated the expression of AQP2 in all chicken populations, AQP3 in the RB1995, and ATP1B1 in JF and ARB2015. However, it down-regulated the expression of AQP4 in ARB2015 but had no effect on AVP expression. The expression of RNase III family enzymes also was altered by WR in a population-dependent manner, with DICER1 being down-regulated in JF and RB1995, Drosha was decreased in RB1995, and ARG2 was upregulated in ARB2015. The expression of DGCR8 and TRBP1 was not affected by WR in any population; however, DGCR8 mRNA levels were significantly lower in RB1995 and ARB2015 compared to JF under both conditions. TRBP1 gene expression was significantly lower in RB1995 and ARB2015 compared to JF under WR conditions. In the blood, the expression of these genes also was altered by WR, but with different patterns than the kidney. The mRNA abundances of AQP, AVP, DICER1, DGCR8, AGO2, and TRBP1 were significantly decreased by WR in RB1995. However, the expression of AQP2, AVP, DGCR8, and TRBP1 was increased in WR-ARB2015 compared to the control. In the JF, there was no difference in the expression of these genes except for a significant up-regulation of TRBP1 in WR compared to the control group. To the best of our knowledge, this is the first report showing that water channels and the RNase III enzymes are differentially regulated by WR in a population-dependent manner, which may be due to differential postnatal growth and maturation. Their expression in the circulation could open new vistas for identification of new molecular signatures involved in adaptation to waterdeprivation stress.
INTRODUCTION
The Food and Agriculture Organization of the United Nations (FAO), estimated that the world population is projected to exceed 10 billion people by 2050. To sustainably meet the needs and demands of the growing human population, food production is going to have to increase dramatically, in particular poultry and egg the molecular mechanisms involved in the regulation of water homeostasis in avian species.
WE encompasses central and peripheral complex mechanisms regulating water intake, water retention and excretion, and intermediary metabolism related to water utilization and partition. At the hypothalamic levels, the thirst center is stimulated as a result of cellular dehydration or an increase in plasma osmolarity (often a sign of a low blood volume) detected by osmoreceptors. This in turn activates the argininevasopressin (AVP), also known as antidiuretic hormone (ADH), in the hypothalamic supraoptic nucleus (SON) and paraventricular nucleus (PVN). When it is released from the posterior pituitary gland, ADH hormone activates the renin-angiotensin-aldosterone system (RAAS) and increases angiotensin II secretion, which in turn stimulates water intake (McKinley and Johnson, 2004; Noda and Sakuta, 2013) . When drinking water is limited, other avenues, including reduction of water loss by evaporation or excretion, are involved to maintain body water homeostasis. Water loss is primarily by evaporation through cutaneous and respiratory routes, and excretion water loss from the kidney and the gastrointestinal tract. Birds are osmoregulators and have evolved 3 major organs to control body water homeostasis: the kidney, nasal salt gland, and lower gastrointestinal tract. A family of proteins, called the aquaporins (AQP) have been identified (at least 13) for their importance to water channeling in mammals (Verkman and Mitra, 2000) . Although most mammalian AQP are expressed in the kidney, AQP7, 8, and 9 are ubiquitously expressed, and their roles are not fully defined. In the avian kidney, at least 3 AQP have been characterized. AQP2 and AQP3 mRNAs were localized in kidney collecting duct and tubules, indicating their roles in water retention and reabsorption. AQP4 was characterized from medullary cones of quail kidney, but it also was found in several avian tissues, including the hypothalamus, and its physiological role is still not well known. Various types of transporters and pumps have been shown to play key roles in body water homeostasis. The Na + ,K + -ATPase beta1 (ATP1B1), for example, which provides the driving force for tubular transport in the kidney, has been reported to mediate the effects of micro (mi)RNA on water and salt homeostasis (Mladinov et al., 2013) .
Emerging studies in mammals indicate a key role of miRNA in the regulation of osmotic and water homeostasis. MiRNA are small and evolutionary conserved noncoding RNA molecules of 20 to 22 nucleotide length. The miRNA genes are transcribed to generate primary miRNA (pri-miRNA) molecules that undergo nuclear cleavage by the microprocessor containing the RNase III endonuclease Drosha and DiGeorge syndrome critical region gene 8 (DGCR8) to form precursor miRNAs (pre-miRNA). The pre-miRNA are exported by exportin-5 and ranGTP and processed in the cytoplasm by DICER1 to create miRNA duplex. The duplex unwinds, and the mature miRNA assembles into RNAinduced silencing complex (RISC), which contains argonaute 2 (ARG2) and transactivating response RNA-binding protein 1 (TRBP1) (Bartel, 2004; Kim, 2005; Winter et al., 2009) . The mature miRNA basepairs with target mRNA to direct gene silencing through mRNA cleavage or translation repression. Recent studies in plants and mammals showed that water deprivation affects miRNA biogenesis and that miRNA regulate the expression of ion channels and transporters as well as neurohumoral factors, including AVP, involved in fluid and electrolyte balance (Kim et al., 2015; Trindade et al., 2010) . Such studies are currently lacking in birds. The present study was, therefore, undertaken to determine the effects of short-term water restriction (WR) on the expression of enzymes involved in miRNA biogenesis as well as AQP in the kidney and blood of the recently developed modern broilers (ARB2015), broilers developed 20 yr ago (RB1995), and their ancestor jungle fowl (JF).
MATERIALS AND METHODS

Chicken Populations and General Rearing
JF (Gyles et al., 1967) , a random bred broiler population from the 1990s (RB1995) (Harford et al., 2014) , and a random bred broiler population developed in 2015 at the University of Arkansas (ARB2015) were used. Day-old chicks were separately reared on wood shavings litter floor pens under standard environmental conditions and had ad libitum access to a grower ration that was formulated to meet or exceed National Research Council requirements and clean water. The lighting program was set to a period of 16 h light/8 h dark cycle. At a common physiological body weight (∼252 ± 13.3 g), birds from each line (n = 20) were randomly assigned to 2 treatments [control (C) vs. 3-hour WR] in a 3 × 2 factorial design. WR began when the lights came on at 7:00 AM, and the birds were processed 3 h later. The JF chickens were 42 d of age; however, RB1995 and ARB2015 were 14 d of age. Birds were humanely killed by cervical dislocation and blood and kidney samples were collected for molecular analysis. The study was conducted in accordance with the recommendations in the guide for the care and use of laboratory animals of the National Institutes of Health, and the protocol was approved by the University of Arkansas Animal Care and Use Committee.
RNA Isolation, Reverse Transcription, and Quantitative Real-time PCR
Total RNA was isolated from whole blood and kidney samples using TRIzol LS and TRIzol reagents, respectively, according to the manufacturer recommendations (Thermo Fisher Scientific, Rockford, IL). The RNA samples were RQ1 RNase-free DNase treated and purified (Promega, Madison, WI). RNA integrity and quality were assessed using 1% agarose gel electrophoresis, and RNA concentrations and purity were determined for each sample by a Take 3 Micro-Volume Plate using a Synergy HT multi-mode micro plate reader (BioTek, Winooski, VT). RNA (1 μg) was reverse transcribed using a qScript cDNA Synthesis Kit (Quanta Biosciences, Gaithersburg, MD). The RT reaction was performed at 42
• C for 30 min followed by an incubation at 85
• C for 5 minutes. Real-time quantitative PCR (Applied Biosystems 7500 Real-Time PCR system) was performed using 5 μL of 10X diluted cDNA, 0.5 μM of each forward and reverse specific primer, and SYBR Green Master Mix (ThermoFisher Scientific, Rockford, IL) in a total 20 μL reaction. Oligonucleotide primers used for chicken AQP2, AQP3, AQP4, ATP1B1, AVP, DICER1, Argonaute 2 (AGO2), TRBP1, Drosha, and DGCR8 are summarized in Table 1 . Ribosomal 18S was used as a housekeeping gene. The qPCR cycling conditions were 50
• C for 2 min, 95
• C for 10 min, followed by 40 cycles of a 2-step amplification program (95
• C for 15 s and 58
• C for 1 min). At the end of the amplification, melting curve analysis was applied using the dissociation protocol from the Sequence Detection system to exclude contamination with unspecific PCR products. The PCR products also were confirmed by 2% agarose gel and showed only one specific band of the predicted size. For negative controls, no cDNA templates were used in the qPCR, verified by the absence of gel-detected bands. Relative expressions of target genes were normalized to the expression of 18S rRNA and calculated by the 2 -ΔΔCt method (Schmittgen and Livak, 2008) . Jungle Fowl Control (JF, C) group was used as a calibrator.
Statistical Analysis
Data were analyzed by 2-factor ANOVA with lines (JF, RB1995, and ARB2015) and water treatment (C vs. WR) as classification variables. If ANOVA revealed significant effects, the means were compared by the Tukey multiple range test using the Graph Pad Prism version 6.00 for Windows, (Graph Pad Software, La Jolla, CA). Differences were considered significant at P < 0.05.
RESULTS
Water Restriction Differentially Affects Body Weight in Chicken Populations
As chicken populations were selected based on a common physiological body weight rather than chronological age, average body weights were similar among JF, RB1995, and ARB2015 control groups. WR, however, significantly reduced body weight, specifically in RB1995, but not in JF or ARB2015 (Figure 1 ).
Water Restriction Differentially Regulates the Expression of Renal Water Channel-related Genes in Chicken Populations
As shown in Figure 2 , WR for a short period significantly up-regulated the expression of AQP2 gene in the kidney of all chicken populations (JF, RB1995, and ARB2015), AQP3 in RB1995, and ATP1B1 in JF and ARB2015 (Figure 2a, b, and d) . However, WR significantly down-regulated the renal AQP4 expression in ARB2015 (Figure 2c ). Renal AVP mRNA levels did not differ between the control and WR groups in any studied chicken population (Figure 2e) . Interestingly, when kidney tissues from all treatments and all populations were plotted together, RB1995 chickens exhibited lower renal abundance of AQP3 gene compared to JF and lower AVP mRNA abundance compared to JF and ARB2015 under control conditions (P < 0.05, Figure 2b , e). ATP1B1 mRNA abundance was significantly higher in the kidney of both RB1995 and ARB2015 populations compared to the JF (Figure 2d ). AQP4 gene expression, however, was significantly lower in the kidney of ARB2015 compared to JF and RB1995 chickens (Figure 2c) .
Under WR conditions, ARB2015 exhibited the highest levels of renal ATP1B1 mRNA compared to JF and RB1995 (Figure 2d ). AQP4 gene expression was significantly lower in the kidney of ARB2015, followed by RB1995 and JF populations (Figure 2c ). RB1995 exhibited the lowest levels of AVP mRNA compared to JF and ARB2015 (Figure 2e ). Kidney AQP2 and AQP3 mRNA abundance did not differ among the 3 WR populations (Figure 2a, b) .
Water Restriction Differentially Regulates Water Channel-related Gene Expression in Chicken Blood
WR significantly down-regulated the expression of AQP2 and AQP3 in the whole blood of the RB1995 chicken population (Figure 3a, b) , and increased the mRNA levels of AQP2 and AVP in the ARB2015 population (Figure 3a, d) . WR did not elicit any change to AQP2, AQP3, AQP4, or AVP in the whole blood of the JF population (Figure 3a-d) . When whole blood data from all chicken populations were plotted together, the highest amount of AQP2, AQP3, AQP4, and AVP mRNA were found in RB1995 chickens maintained under control conditions (Figure 3a-d) . However, ARB2015 exhibited the lowest expression of these genes (Figure 3a-d) . Under WR conditions, RB1995 exhibited the highest levels of AQP2 (Figure 3a) , and ARB2015 manifested the lowest mRNA abundance of AQP3, AQP4, and AVP (Figure 3b-d) .
Water Restriction Differentially Regulates Kidney miRNA Biogenesis-related Genes in Chicken Populations
WR significantly down-regulated the expression of DICER1 in the kidney of JF and RB1995, but not the ARB2015 chicken population (Figure 4a ). It did also significantly decrease Drosha mRNA levels in RB1995, and increase AGO2 mRNA abundance in ARB2015 (Figure 4b, d) . Neither DGCR8 nor TRBP1 gene expression was affected by WR in the kidney of any studied chicken population (Figure 4c, e) . When all data are plotted together and under control conditions, RB1995 chickens exhibited the highest levels of Drosha mRNA (Figure 4b ). The expression of DGCR8 was significantly lower in the kidney of both RB1995 and ARB2015 compared to JF (Figure 4c ). The kidney expression of AGO2 and TRBP1 was similar among all populations maintained under control conditions (Figure 4d, e) .
Under WR conditions, DICER1 gene expression was significantly higher in the kidney of ARB2015 compared to JF and RB1995 chickens (Figure 4a) . Similarly, the expression of Drosha and AGO2 was significantly higher; however, the expression of DGCR8 and TRBP1 was lower in both RB1995 and ARB2015 compared to JF populations (Figure 4b-e) .
Water Restriction Differentially Regulates the Expression of miRNA Biogenesis-Related Genes in the Whole Blood of Chicken Populations
WR significantly down-regulated the expression of DICER1, DGCR8, AGO2, and TRBP1 genes in the whole blood of the RB1995 chicken population (Figure 5a-d) . DGCR8 and TRBP1 mRNA levels were significantly increased in the whole blood from WR compared to the ARB2015 control group (Figure 5b, d ). The expression of these genes was not affected in JF, except that of TRBP1, in which its expression was significantly induced by WR compared to the control group (Figure 5a-d) . When all the populations are plotted together, the highest expression of DICER1, DGCR8, AGO2, and TRBP1 genes was found in the RB1995 under control conditions (Figure 5a-d) . The lowest expression of these genes was found in the ARB2015 population (Figure 5a-d) . Under WR conditions, the expression of these genes did not differ among the 3 chicken populations, except for DICER1 in which its expression was significantly down-regulated in ARB2015 compared to JF and RB1995 chicken populations (Figure 5a-d) .
DISCUSSION
Water is the most important nutrient in the diet of poultry production. Depending on the age, a bird's body can contain between 60 to 85% water (Velu et al., 1972) . A bird can survive for wk without feed, but * indicates difference among treatments within each population ( * P < 0.05). Different letters indicate differences among populations for each treatment (alphabet and Greek letters indicate difference between populations under control and WR conditions, respectively). C, control; NS, not significant; WR, water restriction.
can survive only a few h to a few d without water (Bierer et al., 1966) . Water intake of birds is about twice the weight of feed intake, and this ratio can easily quadruple during an extremely hot environment (Brake et al., 1992; Williams et al., 2013) . Therefore, water efficiency must be considered when discussing poultry production sustainability, which is facing substantial challenges from a steep projected increase of pressure on water availability due to drought conditions and climate change (Barnett et al., 2005) . Improvement of water efficiency, a vital trait in poultry production, needs mechanistic understanding of water intake and body water homeostasis, which is still not well defined in avian species. Here, we undertook this study as a first step to determine the effect of short-term WR on the expression of water channel-and ncRNA * indicates difference among treatments within each population ( * P < 0.05). Different letters indicate differences among populations for each treatment (alphabet and Greek letters indicate difference between populations under control and WR conditions, respectively). C, control; NS, not significant; WR, water restriction.
biogenesis-related genes in the kidney and whole blood in 3 chicken populations.
Intensive selection for rapid growth rate has resulted in major anatomical, physiological, genetic, and behavioral changes in modern broilers compared to their ancestor JF (Wall and Anthony, 1995) . Although extensive studies comparing growth pattern, organ development, carcass characteristics, and behavioral responses to different stimuli have been conducted in various breeds and strains of poultry, the effect of WR at molecular levels in JF and modern broilers is still unknown. The majority of previous studies used common chronological ages as the gold standard for comparison of growth and carcass trails among poultry strains (Chambers, 1990) . However, other studies reported that for poultry strains known to have large disparity in growth pattern, comparison using a common physiological body weight might be a better accurate measure than chronological age (Barbato et al., 1983; Dror et al., 1977; Wall and Anthony, 1995) .
Using common physiological body weight and in agreement with previous studies in mammals (BonillaFelix and Jiang, 1997; Cai et al., 2006; Sugiura et al., 2008) , we found that WR up-regulated AQP2 expression in the kidney of all chicken populations (Figure 2) . However, the expression of AQP3, AQP4, and ATP1B1 was regulated by WR in a population-dependent manner. This indicates that the response of AQP3, AQP4, and ATP1B1 may depend on postnatal growth similar to the cardiovascular AQP1 (Netti et al., 2014) . In fact, the JF is the wild ancestor of all domestic poultry (Fumihito et al., 1994) , and it is characterized by slow growth rate and small body weight. In 1995, broilers (RB1995) were genetically selected for high growth rate, and they can reach marketable weight in 8 wk (Griffin and Goddard, 1994) . Whereas by 2015, this was reduced to 5 to 6 wk, and broilers (ARB2015) were further selected for higher growth rate and enhanced feed efficiency. This genetic selection for rapid growth has affected the growth and maturation of many major organ systems, including the muscle, digestive, nervous, cardiovascular, immune, and renal systems (Schmidt et al., 2009 ) which in turn may affect the overall metabolism and gene expression profiling. Very low levels of rodent AQP were detected before birth but plateaued by 4 wk postpartum, which supports again the association between organ postnatal growth/maturation and AQP regulation (Baum et al., 2003; Yasui et al., 1996) . The different expression trends of the genes in the AQP family (consistent up-regulation of AQP2 but not AQP3/4 in any population after WR) might be due also to their localization and/or function. Indeed, AQP2 has been shown to be localized in collecting duct principal cells and medullary collecting duct cells in which water reabsorption takes place, and has been reported to be translocated from the cytoplasm vesicles to the apical membrane in response to AVP . AQP3 and AQP4, however, are expressed in the basolateral membranes (Terris et al., 1995) . Similar to our results, increases in the expression of AQP2 in the kidney have been shown by 48-hour WR in rodents (Yamamoto et al., 1995) ; however, the expression of AQP3 and AQP4 was slightly up-regulated by longterm water deprivation (Ishibashi et al., 1997) . Additionally, the expression patterns of these genes were different between kidney and blood. For instance, AQP2 and AQP3 expression was up-regulated in kidney and down-regulated in blood in RB1995 after WR. This suggests a tissue (cell)-specific regulation of these genes, which may depend on different tissue turnover and/or hormonal milieu. Similar differences in gene expression profiles between peripheral tissues and blood has been previously reported (Mahesh et al., 2012) .
Intriguingly and despite the alteration of AQP2 and AQP3, WR did not affect the kidney AVP expression in any studied chicken population. In mammals, however, AVP increases AQP2 expression at the transcriptional and post-transcriptional levels through PKA-and p38-MAPK-dependent pathways (Nedvetsky et al., 2010) . The apparent disparity between our results and previous mammalian studies might be related to speciesspecific (avian vs. mammals) regulation, and/or experimental conditions, including duration and severity of WR. Although it is hypothetical, potential AVPindependent mechanisms may exist to regulate both AQP2/3 trafficking and expression in avian species. For instance, oxytocin has been demonstrated to induce AQP2 translocation, which could be prevented by blockade of the AVP receptor 2 indicating that oxytocin can activate AQP2 through AVP receptor 2 signaling (Jeon et al., 2003) . We should note that we measured here the AVP expression in the kidney compared to the circulating AVP in previous mammalian studies ( DiGiovanni et al., 1994) . Our data indicated that AVP is expressed in the kidney and may be locally secreted. AVP has been reported to be expressed in peripheral tissues such as adrenals, ovaries, testes, and aortic tissues (Brownstein et al., 1980; Mechaly et al., 1998) .
Interestingly, WR alters the kidney expression of the RNase III family enzymes, DICER1, Drosha, and ARG2, and this dysregulation seems to be population dependent (Figure 4) . Although this finding is novel, it is not surprising because these enzymes are key regulators of miRNA biogenesis, and miRNA have been reported to be altered by water deprivation in animals as well as in plants (Trindade et al., 2010) . In Medicago truncatula, for example, WR has been found to alter Dicer-like and ARG1 genes (Capitao et al., 2011) . Emerging studies in mammals indicated also that miRNA regulate the expression of water channels and transporters, including AQP Sepramaniam et al., 2012; Su et al., 2016) . Thus, the question one might ask is whether WR directly dysregulates these enzymes or via other mediators, such as miRNA. This question merits further investigations. It is also possible that DICER1 dysregulation induced by WR modulates the expression of water channels, particularly AQP2, via the key transcription factor NFAT-5. It has been shown that knocking down DICER1 increases NFAT-5 expression in renal medullary epithelial mIMCD3 cells (Huang et al., 2011) and knocking out NFAT-5, specifically in mouse kidney collecting tubules, affects water homeostasis and impairs urine concentration via alteration of AQP2 and urea transporters (Lam et al., 2004) .
Corresponding to kidney tissues, the expression of AQP and AVP gene in the whole blood was altered by WR in a population-dependent manner. For instance, AQP2 and AQP3 levels were down-regulated in the whole blood of RB1995 chickens, but increased in that of ARB2015 (Figure 3 ). This may due, as we described above, to the differential changes in the circulatory system induced by genetic selection. Indeed, Schmidt and colleagues (Schmidt et al., 2009) have shown, by comparing modern broilers (Ross 708) and an unselected heritage line (UIUC), that although the breast muscle size increased, the relative size of the heart muscle has decreased with the selection. This in turn may affect the blood and lymphatic vessels as well as the profile of blood transcriptome. Importantly, we were able to detect DICER1, DGCR8, AGO2, and TRBP1 but not Drosha in the whole blood with the same expression pattern as the water channel-related genes. In agreement with our results, DICER1 mRNA also was found in human blood (Wingo et al., 2016) . Together, our data indicate that the miRNA machinery is present in the circulation, is responsive to WR, and may interact with water channels to regulate body water homeostasis.
In summary, to the best of our knowledge, this is the first report showing that the RNase III enzymes involved in miRNA biogenesis are differentially expressed among different chicken populations and are altered by WR. Their expression in the circulation could open new vistas for identification of new molecular signatures involved in water homeostasis regulation and adaptation to water-deprivation stress.
